We report the results of 31 P NMR measurements on trioctylphosphine oxide ͑TOPO͒ passivated InP quantum dots. The spectra show distinct surface-capping sites, implying a manifold of crystalligand bonding configurations. Two In 31 P surface components are resolved and related to different electronic surroundings. With decreasing particle size the In 31 P core resonance reveals an increasing upfield chemical shift related to the overall size dependence of the InP electronic structure. © 1999 American Institute of Physics. ͓S0021-9606͑99͒70718-X͔ Semiconductor clusters with monodisperse diameters ranging from 10-100 Å manifest quantum dot behavior.
͑Received 22 December 1998; accepted 5 March 1999͒ We report the results of 31 P NMR measurements on trioctylphosphine oxide ͑TOPO͒ passivated InP quantum dots. The spectra show distinct surface-capping sites, implying a manifold of crystalligand bonding configurations. Two In 31 P surface components are resolved and related to different electronic surroundings. With decreasing particle size the In 31 P core resonance reveals an increasing upfield chemical shift related to the overall size dependence of the InP electronic structure. © 1999 American Institute of Physics. ͓S0021-9606͑99͒70718-X͔ Semiconductor clusters with monodisperse diameters ranging from 10-100 Å manifest quantum dot behavior. 1 The surface composition of these colloidally prepared particles 2 has been shown to be important because of its influence on the discrete electronic structure and quantum confinement 1, [3] [4] [5] as well as its relation to electronic transport properties, 1, 6 structural phase transitions, and thermodynamic stability. 7 In addition, the spectroscopic characterization of the capping molecules can provide valuable information on the morphology and faceting 1 of the nanoparticles. In this letter, we report an initial study on III-V semiconductor InP dots using one-and two-dimensional ͑1D and 2D͒ NMR. We find distinct capping and In 31 P surface sites, implying a variety of ligand-crystal bonding arrangements and structural environments. The chemical shielding of the In 31 P resonance increases with decreasing dot size which can be interpreted as a decrease in the 31 P paramagnetic shift with increasing electronic excitation energy of the quantumconfined nanoparticles.
InP samples have been prepared under argon using the dehalosilation reaction of InCl 3 and P͑Si͑CH 3 ͒ 3 ͒ 3 at 540-570 K in TOPO as coordinating solvent. 8 Distinct size distributions of the particles were obtained by size-selective precipitation resulting in InP clusters with average diameters in the range of 20-50 Å and distributions of ϳ20%. 8 For the surface selective experiments, the separation and isolation were carried out in a drybox. The precipitates were dried under vacuum and the resulting powder samples sealed in pyrex tubes ͑0.13 Pa͒. In a second synthesis, the identical precipitation and isolation procedure was carried out in air, yielding TOPO and oxide passivated InP dots. 1, 8 X-ray diffraction spectra ͑Siemens D5000, Cu K ␣ radiation͒ and transmission electron microscopy images ͑TEM, TopCon EM002B͒ showed that the InP dots were highly crystalline ͑pure phase, zinc-blende͒, roughly spherical in shape, with indications of faceting. The cluster diameters ͑d͒ were inferred from UV/ vis absorption spectra ͑HP 8452͒ obtained immediately upon separation. 8 Figures 1͑A͒ and 1͑B͒ show typical 1D 31 P (Sϭ1/2) NMR spectra of TOPO-InP (dӍ45 Å) recorded under conditions of magic-angle spinning ͑MAS͒. 9 The experiments were performed at a 31 P 
InP ͑bulk͒ Ϫ147 intensities of the two components in Fig. 1͑A͒ we infer an average TOPO surface coverage of ϳ20%, consistent with x-ray photoelectron spectroscopy ͑XPS͒ on similar samples. Table I͒ implies a manifold of ligand-crystal bonding environments ͓i.e., unidentate and bridging oxygen coordination 14 to the cation ͑In͒ or perhaps anion ͑P͔͒. 8 This indicates that the capping molecules occupy distinct InPsurface sites, conceivably due to the faceting of the nanoparticles. Our finding contrasts with earlier studies on thiophenol capped CdS or TOPO/TOP capped CdSe particles where only one surfactant site was identified. 15 The upfield part of the spectrum in Fig. 1͑B͒ shows two partially overlapping In-bonded 31 P resonances centered at Ϫ118 ppm ͑␣-InP͒ and Ϫ199 ppm ͑␤-InP͒. Both lines are shifted with respect to the core resonance ͓see Fig. 1͑A͔͒ and they can be interpreted as two different structural In 31 P-surface environments. The assignment is corroborated by a series of CP experiments with varying contact time ͑Fig. 2͒: We find a gradual downfield shift of the first moment for cp Ͼ0.5 ms ͑dashed line in Fig. 2͒ . This can be rationalized by the presence of a slow polarization-transfer process from TOPO protons to remote 31 P core nuclei, shifted in resonance frequency with respect to 31 P surface spins. Neglecting chemical-shift differences among the core nuclei, the full series of CP spectra is fitted quite well with a minimum of three Lorentzian components with varying intensities but constant chemical shifts and linewidths ͑Fig. 2 and Table I͒ . The dependence of the extracted intensities as a function of cp is shown in Fig. 2 , with the curves fitted by the form M qe (1Ϫe Ϫ cp /T IS ) invoking the spin-temperature approximation and neglecting T 1 relaxation. 9, 16 It is evident that the surface components ͑␣, ␤-InP, and TOPO͒ reach a state of quasi-equilibrium for cp Ͼ1.5 ms and are characterized by buildup rates roughly one order-of-magnitude faster than that of the core spins. For the present experimental conditions ͑i.e., high spinning speed where the IS zero-quantum linewidth is given by the effective IS dipolar coupling frequency͒, 17 neighbor protons only ͑i.e., ͗r IS ͘ intra ϭ2.5 Å), a lower bound for the 1 H-31 P distances can be estimated: We obtain ͗r IS ͘ ␣,␤ Ӎ3.2 Å ͑a typical H-P van der Waals distance͒ and ͗r IS ͘ core Ӎ6 Å, indicating that the capping octyl chains are in closest contact with the semiconductor surface. This conclusion is further corroborated by the observed upfield shift of 3 ppm for the InP-TOPO 13 CH 2 resonances compared to free TOPO. Moreover, the core spins probed by the CP experiment with 0.5Ͻ cp Ͻ4 ms reside within the first and second shell from the crystal surface. For cp Ͼ50 ms the CP spectra converge to the single-pulse spectrum shown in Fig. 1͑A͒ . In fact, fitting spectrum 1͑A͒ with the parameters given in Table I results in a relative InP-surface fraction ͑␣,␤-InP͒ of 24%, in agreement with the previous estimate of ϳ20%.
The spatial proximity of the various 31 P sites can be probed by 2D rf driven spin-diffusion experiments 17,21 ͑Fig. 3͒. Since the rate of the dipole induced mutual spin flips strongly depends on the nuclear separation (r i j Ϫ3 ), 17 spin diffusion is almost exclusively confined to neighboring 31 P species. As expected, the spectra show no cross peaks due to spin diffusion for short mixing times ( m ϭ0.5 ms). Nevertheless, the inhomogeneous character of the 31 P spectrum is clearly exposed by the elongated shape of the signal peaks along the diagonal. At longer times of several tens of milliseconds, cross peaks between all surface sites and the In 31 P core emerge. The asymmetry of the intensities across the diagonal indicates a preferential surface→core directed spindiffusion process. No polarization transfer among the various capping resonances could be detected on time scales of 0.1 Ͻ m Ͻ200 ms under MAS or static conditions. This indicates no aggregation of capping molecules on the cluster surface for dϾ30 Å. Furthermore, broadband 21,22 as well as frequency selective 17 spin-diffusion experiments suggest that the spectral features observed in the 1D data mainly result from structural variations within the clusters, although contributions of heterogeneities induced by the particle size distribution cannot be completely excluded. In particular, in proton driven spin-diffusion experiments 17 with 2Ͻ m Ͻ60 ms ͑data not shown͒ we find that the ␣-InP site exhibits a rapid polarization transfer to the core and ␤ fraction, but does not sample its own local environment. Consequently, ␣-31 P surface sites share similar electronic surroundings but are spatially remote from each other. Since XPS data indicate that the large majority of TOPO ligands bind to indium, 8 both In 31 P surface species can be regarded as uncapped. Based on the relative chemical-shift differences, we therefore conclude that the ␤-InP fraction reflects a relatively ''unperturbed'' core-like nearest-neighbor configuration, whereas ␣-In 31 P nuclei manifest significantly altered bonding environments, possibly due to surface reconstruction to reduce the number of dangling bonds.
The electronic quantum confinement of the InP particles is reflected by the 31 P chemical shift data: In analogy with experiments on II-VI clusters, 23 we find an increasing upfield shift with decreasing dot size. Figure 4 illustrates this behavior by correlating the chemical shift with the inverse energy corresponding to the average size-dependent band gap of the clusters. Since size variations in the electronic structure arise through systematic transformations in the density of states 1, 3 ͑i.e., the electronic states shift to higher energy with the concentration of the oscillator strength into a few transitions͒, it is surmised that the observed drift in the chemical shift is largely dominated by the paramagnetic contribution ( p ) to the chemical shielding interaction. 24 The isotropic value of p can be expressed in a perturbation treatment as
͑1͒
Here, m e is the mass of the electron, q l and l are the dis-
FIG. 3. 2D
31 P correlation spectra of TOPO/oxide passivated InP clusters ͑Ref. 20͒ (dӍ32 Å) recorded with cp ϭ5 ms ( mas ϭ10 kHz). Similar spectra were recorded for TOPO-InP with dӍ45 Å. Protons were decoupled during the evolution (t 1 ), detection (t 2 ), and mixing ( m ) times; 1024 transients per t 1 value. The data sets (100ϫ100 points͒ were zero filled to 256 points in each dimension and Fourier transformed to obtain pure absorption mode spectra. 31 P spin diffusion was driven by rotor-synchronized 180°r adio-frequency ͑rf͒ pulses during the mixing time ͑Ref. 21͒ and is manifested by the occurrence of cross peaks ( 1 2 ) connecting the various sites on the diagonal ͑thin lines͒. Contours are at 4%, 6%, 16%, 32%, 64%, and 96% of the maximum signals.
tance from the origin and the azimuthal angle that define the position of electron l in a spherical coordinate system centered at the nuclear spin with the z axis collinear with B 0 . Summing explicitly over all states n with electronic excitation energies ⌬E n is necessary for a rigorous calculation of p . Qualitatively, Eq. ͑1͒ explains the experimental observation: With decreasing particle size, the electronic excitation energies ⌬E n increase and thereby reduce the downfield paramagnetic chemical shift. The graph in Fig. 4 implies the crude approximation that ⌬E 1 Ӷ⌬E n 1 . In this limit, the fairly linear relationship between the 31 P shift and the average inverse lattice band gap energy, extrapolated from the bulk, suggests that a change from ⌬E 1 towards a limiting energy separation, more suitable for molecular systems, is not yet reached for an InP cluster with dӍ25 Å.
The results in this study are based upon the sensitivity of NMR to the local structure and electronic surroundings of the nuclear spins. A variety of surface components are identified and characterized using multinuclear polarization transfer and two-dimensional correlation techniques. We expect that the application of recent developments in ab initio and density functional methods for the calculation of magnetic resonance parameters 25 will complement and further elucidate our experimental observations in this new class of materials. 
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